Inhibitory Function of Two NFAT Family Members in Lymphoid Homeostasis and Th2 Development  by Ranger, Ann M. et al.
Immunity, Vol. 9, 627±635, November, 1998, Copyright 1998 by Cell Press
Inhibitory Function of Two NFAT Family Members
in Lymphoid Homeostasis and Th2 Development
AP-1 family member proteins (Jain et al., 1992, 1993;
Boise et al., 1993; Rooney et al., 1995). Following activa-
tion through the T cell receptor (TCR), BCR, or CD40
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accessory molecules, the cytoplasmic subunit translo-Harvard School of Public Health
cates into the nucleus. NFAT nuclear translocation isBoston, MA 02115-6017
controlled by the calcium-regulated phosphatase cal-²Department of Medicine
cineurin that is a target for the immunosuppressiveHarvard Medical School
drugs cyclosporin A (CsA) and FK506 (Flanagan et al.,Boston, MA 02115
1991; Clipstone and Crabtree, 1992; Beals et al., 1997).
Treatment of T cells with CsA or FK506 prevents NFAT
nuclear translocation and subsequent activation of cyto-Summary
kine gene transcription (Emmel et al., 1989).
There are currently four NFAT genes encoding theNuclear factor of activated T cells (NFAT) is a critical
cytoplasmic subunit , NFATp (NFATc2, NFAT1), NFATcregulator of early gene transcription in response to
(NFATc1, NFAT2), NFAT3 (NFATc4), and NFAT4 (NFATc3,TCR-mediated signals. Here, we show that mice lacking
NFATx) (McCaffrey et al., 1993; Northrop et al., 1994;both NFATp and NFAT4 develop a profound lympho-
Ho et al., 1995; Hoey et al., 1995; Masuda et al., 1995).proliferative disorder likely due to a lowered threshold
In vitro, all these factors can bind to and transactivatefor TCR signaling coupled with increased resistance
the promoters of multiple cytokine genes, although in Tto apoptosis secondary to defective FasL expression.
cell extracts, only NFATc and NFATp bind to these sitesNFAT mutant mice also have allergic blepharitis, inter-
(Timmerman et al., 1997). The sequence variability
stitial pneumonitis, and a 103 to 104 fold increase in among NFAT family members in N- and C-terminal re-
serum IgG1 and IgE levels, secondary to a dramatic gions that contain transactivation domains (Luo et al.,
and selective increase in Th2 cytokines. This pheno- 1996), together with their differing tissue distribution
type may be ascribed to unopposed occupancy of the (Masuda et al., 1995), suggested functional differences
IL-4 promoter by NFATc. Our data demonstrate that among NFAT family members.
lymphoid homeostasis and Th2 activation require a Indeed, the phenotype of mice harboring single muta-
critical balance among NFAT family members. tions at the NFATc, NFATp, and NFAT4 loci demon-
strated unique functions for each of these family mem-
Introduction bers. Mice lacking NFATc in the lymphoid system (as
evaluated by RAG-22/2 blastocyst complementation) have
mildly impaired proliferation and a selective decreaseNuclear factor of activated T cells (NFAT) is a critical
in IL-4 production (Ranger et al., 1998b; Yoshida et al.,regulator of early gene transcription in response to TCR-
1998) consistent with a function of NFATc as a positivemediated signals. First identified as a transcriptional
regulator of the immune system. Conversely, some evi-regulatory complex important for the expression of the
dence that NFATp and NFAT4 might negatively controlT cell cytokine, IL-2 (Shaw et al., 1988; Crabtree, 1989;
proliferative responses, Th2 cell formation, and lympho-Rao et al., 1997), NFAT target sequences have since
cyte activation was obtained from the characterizationbeen identified in the promoters of multiple cytokine
of NFATp- and NFAT4-deficient animals (Hodge et al.,genes, including IL-4, GM-CSF, IL-3, and TNFa (Del
1996; Xanthoudakis et al., 1996; Kiani et al., 1997; OukkaPrete et al., 1991; Miyatake et al., 1991; Chuvpilo et al.,
et al., 1998). We and others (Hodge et al., 1996; Xanthou-1993; Goldfeld et al., 1993; Masuda et al., 1993; Rooney
dakis et al., 1996) demonstrated that mice lackinget al., 1994, 1995; Cockerill et al., 1995), as well as in the
NFATp display modest splenomegaly, T and B cell hy-promoters of the FasL and CD40L cell surface receptors
perproliferation, and cytokine dysregulation during the(Tsitsikov et al., 1994; Latinis et al., 1997). NFAT expres-
course of an immune response with a moderate increasesion has also been observed in B lymphocytes (Choi et
in Th2-type cytokines. Mice lacking NFAT4 have normalal., 1994; Venkataraman et al., 1994) as well as in multiple
cytokine production although an increased percentagecell types (Timmerman et al., 1997) within the innate
(50% versus 20% in control) of T and B cells display
immune system (NK, macrophage, and mast cells), al-
a phenotype characteristic of memory/activated cells
though the endogenous target genes regulated by NFAT (Oukka et al., 1998). The modest inhibitory effects of
in these cells have not yet been identified. More recently, the single NFATp and NFAT4 gene deletions, however,
NFATc has been shown to regulate HIV-1 replication in suggested either that the repressive effect of each was
T cells (Kinoshita et al., 1997) and to be critical in cardiac independent but not profound or that these proteins
valve formation (Luis de la Pompa et al., 1998; Ranger were functionally redundant.
et al., 1998a). To test these hypotheses, we intercrossed NFATp and
The NFAT complex contains a cytoplasmic subunit NFAT4 null mice to generate mice doubly deficient in
and a ras/protein kinase C±responsive inducible nuclear these two NFAT proteins (DKO). DKO mice display mas-
component (Flanagan et al., 1991) composed in part of sive lymphadenopathy and selective activation of the
Th2 compartment, demonstrating that NFAT family mem-
bers must act together to generate a normal, balanced³ To whom correspondence should be addressed (e-mail: lglim
che@hsph.harvard.edu). immune response.
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with underlying granulation tissue and a marked inflam-
matory infiltrate (data not shown). Examination of the
lungs revealed an acute and chronic interstitial pneumo-
nitis characterized by an intense inflammatory infiltrate
consisting of lymphocytes, macrophages, plasma cells,
neutrophils, and mast cells (Figure 2A). There was no
evidence of inflammatory disease in the heart, kidney,
or liver, and no evidence of renal or pancreatic dysfunc-
tion as judged by the absence of urinary glucose and
protein. DKO mice exhibited massive splenomegaly and
lymphadenopathy by 7 weeks of age (Figure 2B), far
more severe than the modest splenomegaly observed
for the single NFATp deletion. Histological analysis of
the spleen (Figures 2C±2H) and lymph node (data not
shown) revealed disruption of the normal architecture
by numerous granulomas (Figure 2F) and a marked in-
crease in mast cells (Figure 2G) and eosinophils (Figure
2H) as compared to the wt control (Figures 2C±2E). Ex-
amination of the bone marrow revealed a dramatic in-
crease in eosinophils (approximately 60% of BM cells)
(Figure 2J) compared to wt (Figure 2I). The absence of
multiorgan lymphoid infiltration and immune complex±
mediated pathology distinguishes the NFAT DKO from
other mouse strains that display massive lymphadenop-
athy such as CTLA-4 and IL-2 receptor a±deficient and
TRAF2 dominant negative mutant mice (Sadlack et al.,
1995; Tivol et al., 1995; Waterhouse et al., 1995; Willer-
Figure 1. Induction of NFATc and Repression of NFATp and NFAT4 ford et al., 1995). This is consistent with the normal
Expression upon T Cell Activation protein or RNA levels of these genes in NFAT DKO lym-
The T helper clones CDC35 (Th2) and OF6 (Th1) were stimulated phocytes (A.R. and M.O., unpublished data).
with plate-bound anti-CD3 (1 mg/ml) and RNA prepared at 6 hr. Blots
were hybridized with cDNA probes encoding the NFATc, NFAT4,
and NFATp genes (Hoey et al., 1995; Hodge et al., 1996) Hyperactivation of DKO T and B Lymphocytes
In contrast to the increased size of the peripheral
lymphoid organs, the thymus was normal or modestly
smaller than wild-type with a somewhat increased per-Results and Discussion
centage of CD8 SP thymocytes. Flow cytometric analy-
sis of peripheral lymphoid organs revealed a modestOpposing Patterns of Expression of NFATs
increase in the percentage of B2201 cells in LN and aupon T Cell Activation
corresponding decrease in CD31 T cells in both theThe phenotype of mice singly deficient in each of the
spleen (Figure 3B) and LN (Figure 3C). The ratio of CD41/three NFAT proteins as described above raised the pos-
CD81 T cells was decreased in LN and increased insibility that NFATc acts as an activator of, and NFAT4
spleen. This may be secondary to increased apoptosisand NFATp as repressors of, the immune response. In-
of CD8 cells in spleen versus LN secondary to hyperacti-terestingly, while examination of NFAT family member
vation (see below). An increased number of non-T, non-Bexpression in T helper clones upon activation revealed
cells of unclear identity, possibly mast cells, were pres-a rapid induction of transcripts encoding NFATc, a
ent. In the absence of NFATp and NFAT4, there was adownregulation of both NFATp and NFAT4 expression
dramatic increase in the percentage of peripheral T cellswas observed (Figure 1). These data are consistent with
with a memory/activated phenotype as indicated by lowa function for NFATp and NFAT4 as repressors of im-
levels of Mel-14 and CD45RB and elevated levels ofmune activation.
CD44 (data not shown) and CD69 on spleen (Figure 3D)
and LN cells (data not shown). The activated/memoryAllergic Blepharitis, Pneumonitis, and
cells did not represent a clonal expansion of T cells asLymphadenopathy in Mice Lacking
evaluated by their Vb and Va usage (A.R. and M.O.,Both NFATp and NFAT4
unpublished data). DKO B cells were also hyperacti-To test whether the repressive effects of NFATp and
vated as demonstrated by upregulation of MHC classNFAT4 were functionally redundant, or independent,
II and increased numbers of IgM-negative B2201 cellsmice bearing a targeted disruption of each of these
(Figure 3E).alleles were intercrossed. DKO mice were born at a
less than Mendelian frequency similar to what we had
observed for mice lacking only NFAT4 (Oukka et al., DKO T Cells Display Increased Spontaneous
Proliferation and Hyperresponsiveness1998). DKO mice demonstrated modest growth retarda-
tion and developed severe bilateral blepharitis by ap- to TCR-Mediated Signals
The massive lymphadenopathy in the DKO mice couldproximately 4 weeks after birth. In all DKO animals exam-
ined (n 5 5), the eyelids displayed edema and ulceration potentially be explained by increased proliferation and/or
Inhibiting Functions of NFATp and 4
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Figure 2. Interstitial Pneumonitis and Lympha-
denopathy with Mast Cell and Eosinophil Infil-
trates and Granulomas in NFAT DKO Mice
(A) Interstitial pneumonitis in a DKO mouse
characterized by infiltration of mast cells,
macrophages, plasma cells, neutrophils, and
lymphocytes (403). (B) Lymphadenopathy
and splenomegaly in DKO mice. Shown are
the spleen and lymph nodes (L to R: inguinal,
popliteal, axillary, and cervical) removed from
wild-type BALB/c control and DKO mice aged
14 weeks. Representative of five animals.
(C-E) Spleen of wt control mouse with arrows
showing the occasional mast cell (D) and eo-
sinophil (E). Stains are Congo Red (C and E)
and toluidine blue (D). Magnification, 2003.
(F) Granulomas in spleen of DKO mice. Congo
Red±stained section of spleen from wild-type
(C) and DKO (F) mice (2003). The architecture
of the spleen and lymph node (data not
shown) of the DKO is disrupted by granulo-
matous lesions containing multinucleated
giant cells. Congo Red stain, 2003. (G) In-
creased mast cell numbers in DKO spleen.
Toluidine blue±stained spleen sections from
DKO mice (2003) show numerous mast cells
identified by intense staining of intracellular
granules. (H) Increased eosinophils in DKO
spleen. Congo Red±stained spleen section
(2003). (I) Wt bone marrow stained with
Congo Red with arrows pointing to eosino-
phils (2003). (J) Increased numbers of eosin-
ophils in DKO bone marrow. Congo Red stain,
2003.
decreased apoptosis. A 2- to 3-fold increase in sponta- marked shift to the left of the dose response curve (Fig-
ure 4C) and this proliferation was blocked by additionneous proliferation of freshly isolated DKO splenocytes
and LN cells (Figure 4A) and in the percentage of CD4 of CsA (data not shown). These data suggest that NFATp
and NFAT4 act, like CTLA-4, to raise the threshold atand CD8 T cells and B cells in S phase as evaluated
by propidium iodide staining (Figure 4B) was observed. which a T cell can be activated by occupancy of the
TCR. In the absence of both NFATp and NFAT4, thisSince NFAT responds to signals delivered by the TCR,
this increased proliferation might reflect a lower thresh- threshhold is lowered, resulting in hyperproliferation and
hyperactivation. Since the NFATp and NFAT4 singlehold for activation via TCR signals. Because so few naive
T cells were present in the NFAT DKO, we could not gene deletions do not show this dramatic phenotype
(Hodge et al., 1996; Xanthoudakis et al., 1996; unpub-obtain sufficient numbers to test this in naive resting
cells. Therefore, we used wild-type and DKO LN T cells lished data), this function can clearly be performed by
both NFATp and NFAT4, but not by NFATc, proteins.that had been stimulated in culture, rested for an 8 day
period, and then restimulated with varying doses of anti- Indeed, NFATc-deficient T cells displayed hypoprolifer-
ation, suggesting that NFATc serves the opposite func-CD3 antibody. DKO T cells displayed markedly in-
creased proliferation in response to ligation of CD3 com- tionÐto raise the threshold at which a T cell can respond
to signals (Ranger et al., 1998b; Yoshida et al., 1998).pared to wild-type T cells at all doses tested with a
Immunity
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Figure 3. Flow Cytometric Analysis of Lymphocytes from Wild-Type and DKO Mice from Thymus, Spleen and Lymph Node
Single cell suspensions were stained with antibodies as indicated: anti-CD4-TC, anti-CD8-PE, anti-B220-PE, and anti-CD3-FITC. (D and E)
Increased memory/activated T and B cells in DKO spleen. (D) Data were electronically gated on CD31 cells and levels of CD69, and CD45RB
were evaluated with specific FITC-conjugated antibodies (solid line). A FITC-conjugated isotype control was included (dotted line). (E) Data
were electronically gated on B2201 cells and MHC class II I-Ad and IgM expression evaluated as above. All data are representative of three
mice aged 7±14 weeks.
Resistance to Apoptosis and Defective Induction et al., 1994). NFAT DKO mice have rapid onset (by 7
weeks) of lymphadenopathy comprised of SP T cellsof Fas Ligand in DKO T Cells
In addition to an increased sensitivity to positive signals and B cells and no evidence of autoimmune disease
although they do have anti-nuclear antibodies (A.R., un-delivered via the TCR, DKO T cells also might have an
altered sensitivity to signals that result in cell death published data). We conclude that the massive spleno-
megaly and lymphadenopathy observed in DKO mice(apoptosis). Given our earlier observation that the induc-
tion of FasL 1 hr after stimulation with anti-CD3 was is due both to increased proliferation secondary to a
lowered threshold for TCR-mediated positive signalsimpaired in mice lacking NFATp, we examined the induc-
tion of FasL in DKO T cells at later time points after and to compromised FasL expression resulting in defec-
tive apoptosis over time.TCR stimulation. Northern blot analysis revealed a nearly
complete absence of FasL transcripts in DKO T cells
after 6 hr of stimulation with anti-CD3 (Figure 4D). Con- Extreme Overproduction of Th2 Cytokines
and Th2-Dependent Immunoglobulinssistent with the impaired expression of FasL, DKO T
cells displayed a marked resistance to antigen-induced in DKO Mice
The presence of blepharitis, interstitial pneumonitis, in-cell death upon anti-CD3 stimulation (Figure 4E).
These data and that of Koretsky and colleagues (Lat- creased mast cell numbers, and granulomas in the
spleen and LN of NFAT DKO mice suggested overpro-inis et al., 1997) demonstrate that NFAT proteins regulate
the FasL gene in vivo. However, the NFAT DKO pheno- duction of Th2-type cytokines in these animals. Indeed,
a dramatic increase in Th2 cytokine production in re-type cannot be solely explained on the basis of impaired
FasL expression, as evidenced by comparison with the sponse to anti-CD3 stimulation of DKO spleen and LN
cells was observed (Figure 5A). The amount of IL-4 pro-phenotype of gld mice. gld animals have a slower onset
of lymphadenopathy (3±5 months) secondary to expan- duced by unfractionated DKO spleen cells in a primary
response was approximately 75-fold greater than wild-sion of a DN B2201 T cell subpopulation not present in
NFAT DKO mice and manifest autoimmunity with im- type, and this increased to 600-fold in a secondary re-
sponse (Figure 5C). The levels of other Th2-type cyto-mune complex glomerulonephritis (Cohen and Eisen-
berg, 1991; Watanabe-Fukunaga et al., 1992; Takahashi kines, IL-5, IL-6, and IL-10, were also very high (Figure
Inhibiting Functions of NFATp and 4
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Figure 4. Hyperproliferation and Decreased
Apoptosis in DKO T Cells Correlates with
Lowered TCR-Signaling Threshhold and Im-
paired FasL Expression
(A) Increased spontaneous proliferation of
DKO LN cells (2.5 3 106 cells/ml, 96-well
plate). 1 mCi/well of [3H]-thymidine was added
at 6 hr and cells harvested 12 hr later. (B)
Modest increase in the percentage of freshly
isolated CD4, CD8, and MHC class II1 cells
in S phase as evaluated by propidium iodide
staining. (C) Increased sensitivity to signaling
via the TCR as measured by proliferation of
DKO T cells to varying doses of anti-CD3.
Data are representative of three experiments.
(D) Impaired induction of FasL in response to
anti-CD3 antibody treatment in DKO T cells.
Unfractionated LNC were stimulated with 1
mg/ml of anti-CD3 antibody for 6 hr. RNA blots
were hybridized with a FasL-specific probe
(Takahashi et al., 1994). An actin probe was
used to verify equal RNA loading and a TCRa
probe used to control for differences in T cell
numbers. (E) Increased resistance to AICD in
DKO T cells. LN T cells from a tertiary stimula-
tion were restimulated with 1 mg/ml of plate-
bound anti-CD3 antibody for 20 hr and TUNEL
assay performed. The percentage of cells un-
dergoing apoptosis is shown above the bar.
5A). In contrast, levels of the Th1-type cytokines, IFN-g, we have revealed that two other NFAT family members
can act as repressors of lymphocyte proliferation andIL-2, and TNFa, were modestly to significantly decreased
(Figure 5B). Levels of GM-CSF, a cytokine produced by Th2 development. Disruption of the balance between
NFAT family members such that NFATc, the family mem-both Th1 and Th2 cells, were elevated (Figure 5A) and
together with IL-4 likely account for the formation of ber necessary for optimal IL-4 gene transcription (Ranger
et al., 1998b; Yoshida et al., 1998), is unopposed thengranulomas and infiltration of mast cells observed (Wynn
and Cheever, 1995). This overproduction of IL-4 resulted results in the extraordinary increase in IL-4 production.
To investigate the status of NFATc in these mice, wein a massive increase in the levels of the IL-4-dependent
isotypes IgG1 (2 to 3 logs) and IgE (3 to 4 logs) in the performed Western blot analysis on nuclear extracts
prepared from cultured wild-type and DKO T cells thatsera of unimmunized mice (Table 1). The extraordinarily
large amounts of IgE and IgG1 produced far exceed had been rested for 8 days and then activated for 6
hr with PMA/ionomycin. In nuclear extracts preparedthose present in single NFATp-deficient mice (Hodge
et al., 1996; Xanthoudakis et al., 1996) or in mice that from wild-type resting T cells, little NFATc protein was
detected consistent with the cytoplasmic location ofoverexpress the IL-4 gene itself (Tepper et al., 1990). In
contrast to other mouse strains with lymphoproliferative NFATc in unactivated cells. Upon activation by PMA/
ionomycin, the three dephosphorylated isoforms ofdisorders (CTLA4-deficient, lpr and gld strains), the hy-
pergammaglobulinemia was very isotype-specific, as NFATc can clearly be detected. In DKO T cells, in con-
trast, large amounts of dephosphorylated NFATc pep-levels of IgG2a and 2b were only minimally increased
(Table 1). This is consistent with the modest reduction tides are present in the nucleus in the resting state and
actually decrease upon activation suggesting that theseof IFNg observed in a primary stimulation of NFAT DKO
lymphocytes. cells are already activated (Figure 6A). A particular pre-
dominance of the smallest MW isoform is observed for
reasons we do not understand. To determine whetherConstitutive Nuclear Localization of NFATc
in DKO T Cells NFATc proteins bound to the IL-4 promoter in DKO T
cells, EMSA was performed with nuclear extracts pre-NFAT family members have traditionally been thought
to activate cytokine gene expression, and the phenotype pared from freshly isolated LN cells using an oligonucle-
otide from the IL-4 promoter containing the proximalof lymphocytes lacking NFATc is consistent with that
idea (Ranger et al., 1998b; Yoshida et al., 1998). Here, NFAT site as probe (Figure 6B). A complex that was
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Figure 5. Extremely Elevated Levels of Th2
Cytokines and IgE and IgG1 Antibodies in
DKO Mice
(A) Increased Th2 cytokine production and
(B) decreased Th1 cytokine production upon
primary stimulation of DKO spleen cells.
Freshly isolated splenocytes from wild-type
or DKO mice were cultured at 2 3 106 cells/
ml with 1 mg/ml of plate-bound anti-CD3 for
48 hr. Cytokines (IL-2, IL-4, IL-5, IL-6, IL-10,
GM-CSF, IFNg, and TNFa) were measured by
ELISA in supernatants taken at 24 hr for IL-2
and 48 hr for all others. Numbers above the
bars represent the approximate DKO/WT ra-
tio for each cytokine. (C). Secondary stimula-
tion of spleen cells from DKO mice. Cytokines
were measured as above at 48 hr. Note that
IL-4 is expressed on a log scale. Data from
one representative pair of mice of three pairs
are shown.
specifically competed with excess unlabeled probe and pathway. In either case, our data demonstrate that NFAT
family member proteins must cooperate together tothat was supershifted with MAbs to both NFATc and
NFATp was present in extracts prepared from PMA/ achieve normal generation and activation of the immune
system.ionomycin-stimulated wild-type LN. This complex was
present only at low levels in unstimulated wild-type LN
cells (data not shown) and was induced upon treatment
Experimental Procedures
with PMA/ionomycin. In contrast, nuclear extracts from
DKO LN cells contained only NFATc and not NFATp Mice
NFATp- and NFAT4-deficient mice (Hodge et al., 1996; Oukka et al.,binding activity, and this binding activity was present
1998) were backcrossed seven and five generations, respectively,at high levels in both unstimulated, freshly isolated (data
onto the BALB/c background and then intercrossed to generatenot shown), and stimulated LN cells. These data suggest
doubly deficient mice. Wild-type controls were either littermates orthat the overproduction of IL-4 in the NFAT DKO mice
age-matched BALB/c mice. Mice were housed in sterilized microiso-
is secondary to the unopposed activity of NFATc, likely lator cages, fed autoclaved food and water, and handled in laminar
acting in concert with the Th2-specific transcription fac- airflow hoods.
tors c-maf and GATA-3 (Ho et al., 1996; Zheng and
Flavell, 1997) in driving IL-4 gene transcription. Histologic Analysis
Taken together, the phenotype of the DKO mice leads Tissues were fixed in OmniFix II, embedded in paraffin, sectioned
us to conclude that in the absence of NFATp and NFAT4, at 6 mm, and stained with hematoxylin and eosin, toluidine blue,
Giemsa, or Congo Red, as indicated.the threshold for signaling via the TCR is lowered, re-
sulting in constitutive T cell activation and the continual
import of NFATc into the nucleus where it transactivates Flow Cytometric Analysis
Single cell suspensions were incubated at 48C with fluorescein-, TC-the IL-4 gene. It is also possible that the phenotype of
or phycoerythrin-conjugated antibodies (PharMingen) and analyzedthe NFAT DKO reflects the dysregulation of other as
using a FACScan (Becton Dickenson) with Cell Quest software. Theyet unknown NFAT regulated target genes, critical in
following antibodies were used: anti-CD3 (145-2C11), anti-CD4maintaining homeostasis of the lymphoid system. For
(RM4-4), anti-CD8a (53-6.7), anti-CD45R/B220 (RA3-6B2), anti-IgMa
example, such target genes may have a unique role in (DS-1), anti-CD62L (MEL-14), anti-CD69 (H1.2F3), and anti-I-Ab,d (25-
the maintenance of the resting state, in control of the 9-17). The rat anti-mouse FcRgII/III MAb (2.4G2) was used to block
nonspecific binding.cell cycle, or in the regulation of a Th2-specific death
Table 1. Serum Immunoglobulin Levels from Wild-Type and NFATpxNFAT4-Deficient (DKO) Mice
Serum Immunoglobulin (mg/ml)
Age (Weeks) IgM IgG1 IgG2a IgG2b IgG3 IgA IgE
Wild-type 1 12 293 192 1193 109 340 125 0.2
Wild-type 2 13 223 45 274 19 195 26 0.2
Wild-type 3 14 230 22 201 10 180 26 0.1
DKO 1 12 1110 29,856 1233 139 386 118 755
DKO 2 13 1238 44,769 2441 243 1060 161 1,063
DKO 3 14 927 26,472 2920 799 184 182 828
Serum immunoglobulin levels were determined by isotype-specific ELISA in 12- to 14-week-old wild-type or DKO mice.
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Western Blotting and Electrophoretic Mobility Shift Assays
T cells from lymph nodes in a resting state or after stimulation for
6 hr with PMA (50 mg/ml) and ionomycin (1 mM) were used and
nuclear extracts prepared as described previously (Rooney et al.,
1995). 2 3 106 cell equivalents/lane of nuclear extracts were resolved
by 7.5% SDS-PAGE and immunoblotted with anti-NFATc antibody
7A6 (kind gift of G. Crabtree) as described (Timmerman et al., 1997).
Mobility shift assays were performed (Timmerman et al., 1997) using
5±8 mg nuclear extract and 2 3 105 cpm of 32P end-labeled oligo
nucleotide containing a proximal NFAT site from the murine IL-4
promoter 261 to 288 (AATGTAACCTTTTAAAATAATGTGGTCT). Su-
pershifts using MAb specific for NFATc (7A6), NFATp (G1-D10), and
control ascites were performed using 2 ml of 1:10 dil of 7A6 (anti
NFATc), 2 ml of 1:5 dil of G1-D10 (anti NFATp), or 2 ml of control
ascites.
Acknowledgments
This work was supported by National Institutes of Health grant num-
ber AI/AG 35833 (L. H. G.), a grant from The G. Harold and Leila Y.
Mathers Charitable Foundation (L. H. G.), a fellowship from Lique
contre le Cancer and from INSERM (M. O.), and a Fogarty Fellowship
(J. R.). We thank Martin Hodge for providing the data shown in
Figure 1, Dan Friend for help with the histology in Figure 2, and
Peter Weller and Ann Dvorak for helpful discussions of eosinophils.
We are grateful to H. Cantor, M. Grusby, and A. Wurster for a
thoughtful review of the manuscript, G. Crabtree for anti-NFAT anti-
bodies, and Carol Freedman for expert preparation of the manu-
script.
Received July 31, 1998; September 26, 1998.
References
Beals, C.R., Clipstone, N.A., Ho, S.N., and Crabtree, G.R. (1997).
Nuclear localization of NF-ATc by a calcineurin-dependent, cyclo-
sporin-sensitive intramolecular interaction. Genes Dev. 11, 824±834.
Figure 6. Constitutive Nuclear Localization of NFATc in DKO T Cells Boise, L.H., Petryniak, B., Mao, X., June, C.H., Wang, C.-Y., Lindsten,
(A) Western blot analysis of unstimulated (lanes 1 and 3) and PMA/ T., Bravo, R., Kovary, K., Leiden, J.M., and Thompson, C.B. (1993).
ionomycin-stimulated (lanes 2 and 4) cultured LN T cells from wild- The NFAT-1 DNA binding complex in activated T cells contains Fra-1
type (lanes 1 and 2) and DKO (lanes 3 and 4) mice. (B) EMSA and and JunB. Mol. Cell. Biol. 13, 1911±1919.
supershift analyses of nuclear extracts from PMA/iono-stimulated Choi, M.S.K., Brines, R.D., Holman, M.J., and Klaus, G.G.B. (1994).
freshly harvested wild-type (bottom panel) and DKO (top panel) LN Induction of NF-AT in normal B lymphocytes by anti-immunoglobulin
cells. An oligonucleotide from the proximal IL-4 promoter containing or DC40 ligand in conjunction with IL-4. Immunogenetics 1, 179±187.
the NFAT target sequence was used as the probe. Lane 2, excess
Chuvpilo, S., Schomberg, C., Gerwig, R., Heinfling, A., Reeves, R.,unlabeled homologous probe; lane 3, anti-NFATc antibody; lane 4,
Grummt, F., and Serfling, E. (1993). Multiple closely-linked NFAT/anti-NFATp plus anti-NFATc antibody. C, anti-NFATc supershifted
octamer and HMG I (Y) binding sites are part of the interleukin-4complex; P, anti-NFATp supershifted complex.
promoter. Nucleic Acids Res. 21, 5694±5704.
Clipstone, N.A., and Crabtree, G.R. (1992). Identification of cal-
cineurin as a key signaling enzyme in T-lymphocyte activation. Na-
Analysis of Cell Activation ture 357, 695±697.
For primary stimulation of unseparated splenocyte or LN cell popula- Cockerill, P.N., Bert, A.G., Jenkins, F., Ryan, G.R., Shannon, M.F.,
tions, 2 3 106 cells were stimulated in 1 ml cultures in 24-well plates and Vadas, M.A. (1995). Human granulocyte-macrophage colony-
with 1 mg/ml plate-bound anti-CD3e antibody. Unless otherwise indi- stimulating factor enhancer function is associated with cooperative
cated, at 48 hr supernatants were harvested for cytokine analysis interactions between AP-1 and NFATp/c. Mol. Cell. Biol. 15, 2071±
and the cells were resuspended in IL-2 containing media for 7±10 2079.
days. Restimulation was performed with 2 3 105 cells per 96-well
Cohen, P.L., and Eisenberg, R.A. (1991). Lpr and gld: single geneplate and 0.1±10 mg/ml of plate-bound anti-CD3e. For in vitro prolif-
models of systemic autoimmunity and lymphoproliferative disease.eration, 1 mCi of [3H] thymidine was added for the final 12 hr of a
Annu. Rev. Immunol. 9, 243±269.60 hr incubation. Results are the mean of triplicate wells. The TUNEL
Crabtree, G. (1989). Contingent genetic regulatory events in T lym-assay was performed as per manufacturer's instructions (Boeh-
phocyte activation. Science 249, 355±360.ringer Mannheim) on wild-type and DKO LN cell populations that had
Del Prete, G.F., De Carli, M., Mastromauro, C., Biagniotti, R., Mac-undergone multiple rounds of anti-CD3e stimulation as described
chia, D., Falagiani, P., Ricci, M., and Romagnani, S. (1991). Purifiedabove.
protein derivative of Mycobacterium tuberculosis and excretory-
secretory antigen(s) of Toxocara canis expand in vitro human T cells
with stable and opposite (type 1 T helper or type 2 T helper) profileMeasurement of Cytokine and Antibody Levels by ELISA
of cytokine production. J. Clin. Invest. 88, 346±350.Supernatants were assayed for levels of IL-2, IL-4, IFN-a, TNF-a,
GM-CSF, IL-6, IL-10, and IL-5 by ELISA (PharMingen) as previously Emmel, E.A., Verweij, C.L., Durand, D.B., Higgins, K.M., Lacy, E., and
described (Hodge et al., 1996). Chimeric mice were bled by cardiac Crabtree, G.R. (1989). Cyclosporin A specifically inhibits function of
puncture and sera analyzed for Ig isotypes as previously described nuclear proteins involved in T cell activation. Science 246, 1617±
1620.(Markowitz et al., 1993).
Immunity
634
Flanagan, W.M., Corthesy, B., Bram, R.J., and Crabtree, G.R. (1991). Oukka, M., Ho, I-C., Charles de la Brousse, F., Hoey, T., Grusby,
Nuclear association of a T-cell transcription factor blocked by FK- M.J., and Glimcher, L.H. (1998). The transcription factor NFAT4 is
506 and cyclosporin A. Nature 352, 803±807. involved in the generation and survival of T cells. Immunity 9,
295±304.Goldfeld, A.E., McCaffrey, P.G., Strominger, J.L., and Rao, A. (1993).
Identification of a novel cyclosporin-sensitive element in the human Ranger, A.M., Grusby, M.J., Hodge, M.R., Gravallese, E.M., Charles
tumor necrosis factor a gene promoter. J. Exp. Med. 178, 1365±1379. de la Brousse, F., Hoey, T., Mickanin, C., Baldwin, H.S., and
Glimcher, L.H. (1998a). The transcription factor NF-ATc is essentialHo, I-C., Hodge, M.R., Rooney, J.W., and Glimcher, L.H. (1996). The
for cardiac valve formation. Nature 392, 186±190.proto-oncogene c-maf is responsible for tissue-specific expression
of interleukin-4. Cell 85, 973±983. Ranger, A.M., Hodge, M.R., Gravallese, E.M., Oukka, M., Davidson,
L., Alt, F.W., de la Brousse, F.C., Hoey, T., Grusby, M., and Glimcher,Ho, S.N., Thomas, D.J., Timmerman, L.A., Li, X., Francke, U., and
L.H. (1998b). Delayed lymphoid repopulation with defects in IL-4-Crabtree, G.R. (1995). NFATc3, a lymphoid-specific NFATc family
member that is calcium-regulated and exhibits distinct DNA binding driven responses produced by inactivation of NFATc. Immunity 8,
specificity. J. Biol. Chem. 270, 19898±19907. 125±134.
Hodge, M.R., Ranger, A.M., Charles de la Brousse, F., Hoey, T., Rao, A., Luo, C., and Hogan, P.G. (1997). Transcription factors of
Grusby, M.J., and Glimcher, L.H. (1996). Hyperproliferation and dys- the NFAT family: regulation and function. Annu. Rev. Immunol. 15,
regulation of IL-4 expression in NF-ATp-deficient mice. Immunity 4, 707±747.
1±20. Rooney, J., Sun, Y-L., Glimcher, L.H., and Hoey, T. (1995). Novel
Hoey, T., Sun, Y-L., Williamson, K., and Xu, X. (1995). Isolation of NFAT sites that mediate activation of the interleukin-2 promoter in
two new members of the NF-AT gene family and functional charac- response to T-cell receptor stimulation. Mol. Cell. Biol. 15, 6299±
terization of the NF-AT proteins. Immunity 2, 461±472. 6310.
Jain, J., McCaffrey, P.G., Valge-Archer, V.E., and Rao, A. (1992). Rooney, J.W., Hodge, M.R., McCaffrey, P.G., Rao, A., and Glimcher,
Nuclear factor of activated T cells contains Fos and Jun. Nature L.H. (1994). A common factor regulates both Th1- and Th2-specific
356, 801±804. cytokine gene expression. EMBO J. 13, 625±633.
Jain, J., McCaffrey, P.G., Miner, Z., Kerppola, T.K., Lambert, J.N., Rooney, J.W., Hoey, T., and Glimcher, L.H. (1995). Coordinate and
Verdine, G.L., Curran, T., and Rao, A. (1993). The T-cell transcription cooperative roles for NF-AT and AP-1 in the regulation of the murine
factor NFATp is a substrate for calcineurin and interacts with Fos IL-4 gene. Immunity 2, 545±553.
and Jun. Nature 365, 352±355. Sadlack, B., LoÈ hler, J., Schorle, H., Klebb, G., Haber, H., Sickel, E.,
Kiani, A., Viola, J.P.B., Lichtman, A.H., and Rao, A. (1997). Down- Noelle, R.J., and Horak, I. (1995). Generalized autoimmune disease
regulation of IL-4 gene transcription and control of Th2 cell differenti- in interleukin-2-deficient mice is triggered by an uncontrolled activa-
ation by a mechanism involving NFAT1. Immunity 7, 849±860. tion and proliferation of CD41 T cells. Eur. J. Immunol. 25, 3053±
3059.Kinoshita, S., Su, L., Amano, M., Timmerman, L.A., Kaneshima, H.,
and Nolan, G.P. (1997). The T cell activation factor NF-ATc positively Shaw, J., Utz, P., Durand, D., Toole, J., Emmel, E., and Crabtree, G.
regulates HIV-1 replication and gene expression in T cells. Immunity (1988). Identification of a putative regulator of early T cell activation
6, 235±244. genes. Science 241, 202±205.
Latinis, K.M., Carr, L.L., Peterson, E.J., Norian, L.A., Eliason, S.L., Takahashi, T., Tanaka, M., Brannan, C.I., Jenkins, N.A., Copeland,
and Koretzky, G.A. (1997). Regulation of CD95 (Fas) ligand expres- N.G., Suda, T., and Nagata, S. (1994). Generalized lymphoprolifera-
sion by TCR-mediated signaling events. J. Immunol. 158, 4602± tive disease in mice, caused by a point mutation in the Fas ligand.
4611. Cell 76, 969±976.
Luis de la Pompa, J., Timmerman, L.A., Takimoto, H., Yoshida, H., Tepper, R.I., Levinson, D.A., Stanger, B.Z., Campos-Torres, J., Ab-
Elia, A.J., Samper, E., Potter, J., Wakeham, A., Marengere, L., Lan- bas, A.K., and Leder, P. (1990). IL-4 induces allergic-like inflamma-
gille, B.L., et al. (1998). Role of the NF-ATc transcription factor in tory disease and alters T cell development in transgenic mice. Cell
morphogenesis of cardiac valves and septum. Nature 392, 182±186. 62, 457±467.
Luo, C., Burgeon, E., and Rao, A. (1996). Mechanisms of transactiva- Timmerman, L.A., Healy, J.I., Ho, S.N., Chen, L., Goodnow, C.C.,
tion by nuclear factor of activated T cells-1. J. Exp. Med. 184, and Crabtree, G.R. (1997). Redundant expression but selective utili-
141±147. zation of nuclear factor of activated T cells family members. J.
Markowitz, J.S., Rogers, P.R., Grusby, M.J., Parker, D.C., and Immunol. 159, 2735±2740.
Glimcher, L.H. (1993). B lymphocyte development and activation Tivol, E.A., Borriello, F., Schweitzer, A.N., Lynch, W.P., Bluestone,
independent of MHC class II expression. J. Immunol. 150, 1223± J.A., and Sharpe, A.H. (1995). Loss of CTLA-4 leads to massive
1233. lymphoproliferation and fatal multiorgan tissue destruction, reveal-
Masuda, E.S., Tokumitsu, H., Tsuboi, A., Shlomai, J., Hung, P., Arai, ing a critical negative regulatory role of CTLA-4. Immunity 3,
K-i., and Arai, N. (1993). The granulocyte-macrophage colony-stimu- 541±547.
lating factor promoter cis-acting element CLE0 mediates induction Tsitsikov, E.N., Ramesh, N., and Geha, R.S. (1994). Structure of the
signals in T cells and is recognized by factors related to AP1 and murine CD40 ligand gene. Mol. Immunol. 31, 895±900.
NFAT. Mol. Cell. Biol. 13, 7399±7407.
Venkataraman, L., Francis, D.A., Wang, Z., Liu, J., Rothstein, T.L.,
Masuda, E.S., Naito, Y., Tokumitsu, H., Campbell, D., Saito, F., Han-
and Sen, R. (1994). Cyclosporin-A sensitive induction of NF-AT in
num, C., Arai, K-i., and Arai, N. (1995). NFATx, a novel member
murine B cells. Immunity 1, 189±196.
of the nuclear factor of activated T cells family that is expressed
Watanabe-Fukunaga, R., Brannan, C.I., Copeland, N.G., Jenkins,predominantly in the thymus. Mol. Cell. Biol. 15, 2697±2706.
N.A., and Nagata, S. (1992). Lymphoproliferation disorder in mice
McCaffrey, P.G., Luo, C., Kerppola, T.K., Jain, J., Badalian, T.M.,
explained by defects in Fas antigen that mediates apoptosis. NatureHo, A.M., Burgeon, E., Lane, W.S., Lambert, J.N., Curran, T., et
356, 314±317.al. (1993). Isolation of the cyclosporin-sensitive T cell transcription
Waterhouse, P., Penninger, J.M., Timms, E., Wakeham, A., Shahi-factor NFATp. Science 262, 750±754.
nian, A., Lee, K.P., Thompson, C.B., Griesser, H., and Mak, T.W.Miyatake, S., Shlomai, J., Arai, K., and Arai, N. (1991). Characteriza-
(1995). Lymphoproliferative disorders with early lethality in micetion of the mouse granulocyte-macrophage colony-stimulating fac-
deficient in Ctla-4. Science 270, 985±988.tor (GM-CSF) gene promoter: nuclear factors that interact with an
Willerford, D.M., Chen, J., Ferry, J.A., Davidson, L., Ma, A., and Alt,element shared by three lymphokine genesÐthose for GM-CSF,
F.W. (1995). Interleukin-2 receptor a chain regulates the size andinterleukin-4 (IL-4), and IL-5. Mol. Cell. Biol. 11, 5894±5901.
content of the peripheral lymphoid compartment. Immunity 3,Northrop, J.P., Ho, S.N., Chen, L., Thomas, D.J., Timmerman, L.A.,
521±530.Nolan, G.P., Admon, A., and Crabtree, G.R. (1994). NF-AT compo-
Wynn, T.A., and Cheever, A.W. (1995). Cytokine regulation of granu-nents define a family of transcription factors targeted in T-cell activa-
tion. Nature 369, 497±502. loma formation in schistosomiasis. Curr. Opin. Immunol. 7, 505±511.
Inhibiting Functions of NFATp and 4
635
Xanthoudakis, S., Viola, J.P.B., Shaw, K.T.Y., Luo, C., Wallace, J.D.,
Bozza, P.T., Luk, D.C., Curran, T., and Rao, A. (1996). An enhanced
immune response in mice lacking the transcription factor NFAT1.
Science 272, 892±895.
Yoshida, H., Nishina, H., Takimoto, H., MarengeÁ re, L.E.M., Wakeham,
A.C., Bouchard, D., Kong, Y-Y., Ohteki, T., Shahinian, A., Bachmann,
M., et al. (1998). The transcription factor NF-ATc1 regulates lympho-
cyte proliferation and Th2 cytokine production. Immunity 8, 115±124.
Zheng, W-P., and Flavell, R.A. (1997). The transcription factor GATA-
3 is necessary and sufficient for Th2 cytokine gene expression in
CD4 T cells. Cell 89, 587±596.
